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■ Abstract 
O . 

■ We study the spectra of mesons and baryons, composed of light quarks, in the framework of 
O . a semirelativistic potential model including instanton induced forces. We show how a simple 
Q \ modification of the instanton interaction in the baryon sector allows a good description of the 

meson and the baryon spectra using an interaction characterized by a unique set of parameters. 
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I. INTRODUCTION 



The description of the meson and baryon spectra in the framework of nonrelativistic or 
semirelativistic potential models appears to be a rather successful approach. Many works 
have been devoted to the study of these observables but generally not in a consistent way: 
the meson properties (see for example Refs. [l|, |2, |3|, y, |5|) or the baryon properties (see 
for example Refs. are investigated in disconnected approaches. The spectra are 

generally well reproduced separately; only the understanding of few states remains difficult 
(radial excitations of kaons or A(1405), for example). Nevertheless a unified description 
of meson and baryon spectra seems to be more problematic. For example, in Ref. jj], the 
meson spectra are nicely reproduced, but the baryon spectra with the same potential are 
not so satisfactory. Conversely, the model of Ref. is rather good for baryon spectra, but 
appears catastrophic if applied, as such, to describe the meson properties. There exist only 
few complete studies dealing consistently with both meson and baryon spectra. Even if some 
encouraging results have already been obtained, none is really satisfying. 

In a pioneer work, Bhaduri et al. have proposed a nonrelativistic model relying on 
a Cornell potential and a spin-spin interaction [10]. The authors proposed a consistent 
scheme and used the same set of parameters for mesons and baryons. This model was 
refined later on by Silvestre-Brac and Semay ^\ with interesting successes. However, the 
main problem arising with these models is the bad description of the radial excitations of 
mesons and baryons; this is due partly to the use of nonrelativistic kinematics Most 
of these excitations are calculated 200-300 MeV above their experimental value. Moreover, 
pseudoscalar mesons cannot be described in a satisfactory way since the interaction does 
not allow flavor mixing and thus does not allow a correct description of the mesons t] and 

7]' . 

Isgur et al. have proposed a semirelativistic model relying on a Y junction for a con- 
finement supplemented by spin-spin, spin-orbit, and tensor interactions [13] (denoted CGI 
model in this paper). A purely phenomenological annihilation term was added to describe 
the fiavor mixing. The authors also proposed to take into account some relativistic effects 
by replacing the masses of the quarks appearing in the interaction by expressions which 
depend on quark momenta; this procedure introduces new phenomenological parameters. 
This leads to a complicated model which, up to our knowledge, has never been used for 



2 



systems containing more than three quarks. Despite the use of such a complex model, the 
authors need to choose different values for the slope of the confinement for mesons and for 
baryons to obtain good theoretical results (some other parameters have also been slightly 
modified). The meson spectra obtained with this model are good and similar to spectra ob- 
tained with more simple models (see for example Ref. Q]). The baryon spectra are also in 
good agreement with experiment (but less good than the meson spectra) and here also sim- 
ilar to spectra obtained with more simple models (see for example Ref. 2). Note that the 
baryon spectra are clearly less good than the ones obtained with Goldstone Boson- Exchange 
models but a unified description of mesons and baryons seems to be difficult within this 
formalism Q]. 

Another attempt to get a consistent description of meson and baryon properties with a 
simple model was performed by Blask et al. [17] (denoted BBHMP model in this paper). 
The authors proposed a nonrelativistic model relying on a confinement supplemented by an 
instanton induced interaction The meson and baryon ground states are well described 
but the use of a nonrelativistic kinematics leads, here also, to a bad description of radial 
excitations of mesons and baryons. 

These previous works devoted to the description of meson and baryon properties with a 
unique interaction show clearly that this task is complex, and no satisfying result has already 
been obtained. Very recently, Loring et al. have studied meson and baryon spectra within 
a relativistic framework based on a covariant Bethe-Salpeter equation [1^. Even with this 
more sophisticated model an unified description is not possible. 

In a previous work jl^, we tried such a description using a semirelativistic model relying 
on a Cornell potential supplemented by an instanton induced interaction. No satisfying result 
was obtained, but this work and a previous one Q| have clearly shown that a separate 
description of meson and baryon properties was possible within this simple semirelativistic 
potential. So, a natural question arises: "which simple modification (if any) of our model 
could lead to a consistent description of both meson and baryon spectra?" . 

In this work, we show that, at least one such a modification exists. The one we present 
consists in adding a simple constant term in the instanton induced interaction in the baryon 
sector. 
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II. MODEL 



l4 . isl ]. except from 



The model used in this work is similar to those introduced in Refs. 
the additional mentioned term in the instanton induced interaction (see below). Here, we 
just recall the main lines of our model. 

The Hamiltonian is written 

TV TV 

^ = EVp1 + ^'+ E (iV = 2or3), (1) 

i=l i<j=l 

with Pi the momentum of quark i {Y^iLiPi — 0); constituent mass, and Vij the 

interaction between quarks (or antiquarks) i and j. The interaction contains the Cornell 
potential and the instanton induced interaction. The Cornell potential, which depends only 
on the distance r between two quarks, is given by 

3 Aj ■ Xj 



Vc(r) = --- 



4 4 



har + Cm + CbSn3 

r 



(2) 



The confining part of this potential represents a good approximation of the string junction in 
a meson and of a Y-shape string configuration in a baryon. As usual, we need two different 
constant interactions to obtain correct absolute values of the meson and baryon energy 
levels. Cm is the constant for the meson spectra, while Cb is the constant that we need to 
add to Cm to obtain the correct absolute value of the energy levels of the baryon spectra. 
The presence of the Cb term could simulate the effect of three-body forces. Obviously, the 
values of these constants do not influence the structure of the wave function and thus play 
a minor role: only the relative positions of the energy levels have a physical meaning. 

The instanton induced interaction provides a suitable formalism to reproduce well the 
spectrum of the pseudoscalar mesons (and to explain the masses of rj and t]' mesons). In 
ihe nonrelativistic limit, this interaction between one quark and one antiquark in a meson 
12, is vanishing for L 7^ or S' 7^ states. For L = = 0, its form depends on the 



isospin of the qq pair 

• For / = 1: 

Vi{r) = -8g6{ry, (3) 

• For / = 1/2: 

Vi{r) = -8g'6{ry, (4) 
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0: 



9 V2g' 
V2g' 

in the flavor space (l/v^(|uu) + \dd)),\ss)). 



S{r), (5) 



V 



The parameters g and g' are two dimensioned couphng constants. Between two quarks in a 



baryon, this interaction is written 



Vi{r) = -4 (^p[""l + ^'p[""l) P^=%{f), (6) 

where P^=^ is the projector on spin 0, and pI"?"?'! is the projector on antisymmetrical flavor 
state qq' {n for m or c? is a non-strange quark, and s is the strange quark). The operator 
plnn] gi]2iply a projector on isosinglet states. A procedure to compute the matrix elements 
of the projector p["''l is described in Ref. jlS^ . 

The instanton induced forces also give a contribution Arriq to the current quark mass m^. 
As this interaction is not necessarily the only source for the constituent mass, a phenomeno- 
logical term 6q is also added to the current mass 13]. Finally, the constituent masses in our 
model are given by 

m„ = m° + Arun + Sn, (7) 
ms = m° + Arris + ^s- (8) 

In the instanton theory, the quantities g, g', Arrin, Arris are given by integrals over the 



instanton size p up to a cutoff value pc (see for instance Ref. j2Q|, formulas (5)- (9)]). These 
integrals can be rewritten in a more interesting form for numerical calculations by deflning 
a dimensionless instanton size x = pA, where A is the QCD scale parameter jl^ . 

The quark masses used in our model are the constituent masses and not the current ones. 
It is then natural to suppose that a quark is not a pure point-like particle, but an effective 
degree of freedom which is dressed by the gluon and quark-antiquark pair clouds. The form 
that we retain for the color charge density of a quark is a Gaussian function 

p(r)=(:^^exp(-rVf). (9) 

It is generally assumed that the quark size 7 depends on the flavor. So, we consider two 
size parameters 7^ and 7s for n and s quarks respectively. It is assumed that the dressed 
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expression Oij{r) of a bare operator Oij{r), which depends only on the relative distance 
f = Vi — Tj between the quarks i and j, is given by 



o,(f) = j<>f'o„{n,„(f-n, (10) 

where pij is also a Gaussian function of type ^ with the size parameter given by 



7., = v/^T^- (11) 



This formula is chosen because the convolution of two Gaussian functions, with size pa- 
ra^ete.^ and .e^pect.vely, is algo a Gaussian function w.th a s.e pa.an>et« g.ven by 
Eq. (for more details, see Ref. HI). 

After convolution with the quark density, a Cornell dressed potential has the following 
form 



7ij exp(-rV72) , / 7. 
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K ^ erf(r/7j,) 
har + C-> -K — ^ ' ^' +ar 

while the Dirac distribution in VAr) is transformed into a Gaussian function 



+ C, (12) 



<5(f)-^-i^exp(-rV7j)- (13) 

Despite this convolution, we consider, for simplicity, that the instanton induced forces act 
always only on L = states. 

We have shown in Ref. [l^ that this model is not able to describe correctly meson and 
baryon spectra in a consistent way. We needed to use two different sets of parameters to get 
a correct description of hadron masses. So, we have performed of series of miminizations, 
starting with new ranges of parameters and studying only some classes of hadrons. We have 
then remarked that it was systematically possible to reproduce the masses of all the mesons, 
as well as the masses of the baryons for which the instanton induced interaction does not 
act. Consequently, we tried to modify in different ways Vi{r) of Eq. (jH)) in the baryon sector. 
We propose below the simplest form that we found, which gives good results: 

Vi{r) = -4 (^p[""] + g'P^"'^) P^=°5(f ) + Ci (p[""l + P^"'^) pS=OpL=o^ (14) 

In this formula, Ci is a new constant. Due to the presence of the projectors, this addi- 
tional term will not contribute on an equal footing for all baryon states. The status of this 
supplementary term is up to now purely phenomenological. Let us note that a three-body 



instanton induced interaction exists but its contribution is vanishing in baryon |l7l . |20|. 
So, the new additional term we propose cannot be interpreted as a simulation of such a 
three-body interaction. 

Even if we cannot provide any physical explanation for its presence in the interaction, 
we believe that such an improvement of both meson and baryon spectra (see Sec. IIIIll is 
not only a question of chance; a physical process could exist to explain the existence of this 
supplementary interaction. Investigations in this direction are in progress. 



III. MESON AND BARYON SPECTRA 

In Tables H] and |nj we give the set of meson and baryon resonances used to fit the 
parameters of the model (the numerical techniques and the fitting procedure are explained 
m Refs. HQ). This sample is composed of 28 states taken from the most reliable ones 
(18 c.o.g. of meson multiplets and 10 baryons) j2l| . 

In Table IIIH we present the optimal values found for the parameters of our model. We 
see that all the parameters of the instanton induced interaction as well as the slope of 
the confinement have values in agreement with the expected values. The constant Cb is 
very small with respect to Cm- The origin of these constants is not clear; several atterapts 
to explain the presence of these quantities can be found in the literature [l|, 13, Q- 
Nevertheless, as mentioned in the introduction, the physical meaning of these constants is 
not crucial since their values do not influence the wave functions of the systems, hence the 
values of other observables. The values of other parameters (k, quark sizes, constituent 



masses) are less constrained but there are c 
already noticed in our previous works 



ose to values found in the literature. As we have 



14i Q|, the instanton induced interaction cannot 
explain alone the renormalization of the current quark masses. Its contribution is 45 MeV 
for the quark n and 26 MeV for the quark s, values that are relatively small as compared 
to the constituent masses of these quarks. 

In our previous work concerning only mesons Q|, we have found several samples of 
parameters giving similar spectra (see for instance models I to V in this reference). The 
same situation occurs for the baryons |15|. On the contrary, when mesons and baryons are 
considered together, all the minimizations that we performed produced only very similar sets 
of parameters. It seems that masses of both mesons and baryons put more severe constraints 
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on the parameters of model. 

The Figs. Wl^ show a comparison between the meson spectra obtained with the model 
proposed in Sec. |nj the data and the results obtained with the CGI and the BBHMP 
models (we do not present any comparison with the work of Bhaduri et al. because the 
spectra obtained with this model have roughly the same characteristics than the results 
of the BBHMP model). It is worth noting that the spectra obtained with our model are 
as good as the ones obtained in our previous work [ij], where the model was designed to 
describe only the light mesons. Our energy levels present the same characteristics than 
those found with the CGI model, but they are clearly better than those obtained with 
the nonrelativistic BBHMP model compared to experimental data. As mentioned in the 
introduction, the main difficulties that appear with nonrelativistic models are the correct 
description of radial excitations. Note that the pseudoscalar mesons T^-K-rj-rj' are very well 
described with a unique interaction (namely the instanton induced interaction) while in the 
CGI model a purely phenomenological annihilation interaction was introduced to describe 
only the 7] and rj' mesons. There still exist problems concerning radial excitations. Contrary 
to other works, our model reproduces nicely the 7r(1800) resonance but gives a too low value 
for the 7r(1300) state, which nevertheless has a very large width. Moreover, the kaon radial 
excitations {K and K*) also present some deficiencies. Lastly, the ?7(1295) meson seems to 
not fit in this scheme. One must seriously wonder whether the explanation can be searched 
from a description in terms of tetraquarks or other exotic possibilities. 

The Figs. EHHl present the same analysis but concerning baryon spectra. Here also, the 
spectra obtained with our model are as good as the ones obtained in our previous work 
where the parameters of the model were fitted to describe only the light baryons. Globally, 
the features of our spectra as compared to those obtained with the CGI and the BBHMP 
models can be summarized as follow. We have an improvement of the positive-parity states 
as compared to the corresponding ones obtained with the BBHMP model, while the negative- 
parity states are close in both models. Conversely, we have an improvement of the negative- 
parity states as compared to the those obtained with the CGI model while the positive-parity 
states are close in both models. Although a semirelativistic kinetic energy operator substan- 
tially improves the various Roper resonances, there still remains a noticeable disagreement 
with experimental data. Moreover, the A(1405) seems to resist to any description in the 
framework of potential models. It is worth mentioning that the contribution of q^q configu- 
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rations could be large in the nucleon Roper resonance and the A(1405) j25|,|26[. In this case, 
these two states could not be described by a simple model as the one studied here. 

The Fig. gives an illustration of the action of Ci on the energy levels of the and A 
families (where it plays a major role). For instance, with Ci = 0, the A and Q baryons are 
well reproduced, but the masses of the A^ and A sectors are tens of MeV too high. When 
Ci = —65 MeV, these last baryons are more nicely described while the states of the A and 
Q sectors remain at the same place. 



IV. CONCLUDING REMARKS 

In Ref. jl^, we showed that a simple semirelativistic model based on the spinless Salpeter 
equation with a Cornell potential supplemented by instanton induced forces is able to de- 
scribe correctly light meson spectra, provided the quarks are considered as effective degrees 
of freedom with a finite size and a constituent mass. The wave function was partially tested 
by calculating the electromagnetic mass splitting. 

In Ref. [l5|, we showed that this simple semirelativistic model extended to treat three 
constituent quarks leads to a rather good description of the light baryon spectra. However, 
this model does not provide a correct unified description of both meson and baryon spectra. 
Two different sets of parameters were necessary for such a calculation; the natural link 
between meson and baryon was then broken. 

In this work, we present a simple extension of these models which allows a good consistent 
description of both meson and baryon spectra. An interaction with one free parameter is 
added to the instanton induced interaction in the baryon sector solely. This is, up to now, a 
purely phenomenological constant term with the same projector structure than the leading 
term of the instanton induced interaction in the baryon sector. 

The spectra calculated with the model defined in Sec. Ull are globally better than those 
obtained with other models built to describe both mesons and baryons. Obviously, better 
spectra can be found in the literature but they are obtained with models dedicated to only 
one of these hadron families. These encouraging results incite to perform further tests of 
our model by calculating other observables, for example, electromagnetic mass splittings, 
electromagnetic form factors and decay widths. Such a work is in progress j^^]. The model 
could also be extended to heavy mesons and baryons but in this case another spin- dependent 
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interaction is needed since the instanton induced interaction does not act in these sectors. 
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TABLE I: Centers of gravity (c.o.g.) of L and / multiplets for mesons chosen to fix the parameters 
of the model (the minimal uncertainty is fixed at 10 MeV, see The values of the c.o.e;. 



and their corresponding errors are given by formula (33) of Ref. 



IJ]. The symbol "mf " means 



"mixed flavor". 


A meson 


name used to represent 


a multiplet in Fi^ 


rs.IHIl and is 


underlined. 


State 


Flavor 


/ 






c.o.g. (GoV) 


2L 


nn 


1 




1 ^5o 


0.138±0.010 


Ll) 


nn 





1 — 


1 =^51 


0.772±0.010 


P 


nn 


1 


1 — 


1 ^51 




?ti(1170) 


nn 





i+- 


1 ^Pi 


1.265±0.013 


61 (1235) 


nn 


1 


i+- 


1 ^Pi 




/i(1285) 


nn 





1++ 


1 ^Pi 




ai(1260) 


nn 


1 


1++ 


1 




/2(1270) 


nn 





2++ 


1 3P2 




02(1320) 


nn 


1 


2++ 


1 3P2 




7r2{1670) 


nn 


1 


2-+ 


1 ^D2 


1.681±0.012 


cj(1600) 


nn 





1 — 


1 ^Di 




p(1700) 


nn 


1 


1 — 


1 ^Di 




CJ3(1670) 


nn 





3 — 


1 




P3(1690) 


nn 


1 


3 — 


1 




/4(2050) 


nn 





4++ 


1 3P4 


2.039±0.022 


04(2040) 


nn 


1 


4++ 


1 3p4 




7r(1300) 


nn 


1 


0-+ 


2 ^So 


1.300±0.100 


Lj(1420) 


nn 





1 — 


2 ^Si 


1.454±0.026 


p(1450) 


nn 


1 


1 — 


2 ^Si 




K_ 


sn 


1/2 


0- 


1 ^So 


0.496±0.010 


K*(892) 


sn 


1/2 


1- 


1 ^51 


0.892±0.010 


i<'i(1270) 


sn 


1/2 


1+ 


1 ^Pl 


1.382±0.010 


ftr*(1430) 


sn 


1/2 


0+ 


1 •'Po 




Ki(1400) 


sn 


1/2 


1+ 


1 3pl 




K^{1430) 


sn 


1/2 


2+ 


1 3P2 




K2(n70) 


sn 


1/2 


2- 


1 ^D2 


1.774±0.012 


K*(1680) 


sn 


1/2 


1~ 


1 T-~, 

1 -^Di 




^2(1820) 


sn 


1/2 


2~ 


1 3-D2 




K*in80) 


sn 


1/2 


3~ 


1 ■^D3 




t 


ss 





1 — 


1 


1.019±0.010 


/ii(1380) 


ss 





1+- 


1 ^Pi 


1.482±0.010 


/i(1510) 


ss 





1++ 


1 3Pi 




/a (1525) 


ss 





2++ 


1 3P2 




03(1850) 


ss 





3 — 




1.854±0.010 


9i(1680) 


ss 





1 — 


2 35i 


1.680±0.020 


/2(2010) 


ss 





2++ 


2 3P2 


2.011±0.080 


1 


mf 





0-+ 


1 "-So 


0.547±0.010 




mf 





0-+ 


1 


0.958±0.010 
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TABLE II: Quantum numbers and masses (the minimal uncertainty is fixed at 10 MeV, see Ref. |1J]) 
of the baryons chosen in the fit of parameters. 



Baryon 


T 
1 


i7 


iViaSS [KjiQ V J 


N 


1 

2 


1 + 
2 




ATtl AAr\\ 
iV (^i44U ) 


1 
2 


1 + 
2 


i.40U it U.UZU 


A 


3 
2 


3 + 
2 


i.zoz it U.UiU 


1\ [Looo ) 


1 

2 


1- 
2 


i.oo r it U.Uio 


A 

iV 


U 


1 + 
2 


i.ilD it U.UiU 


V 


-1 
i 


1 + 
2 


i.iyo it U.UiU 


s* 


1 


3 + 
2 


1.385 lb 0.010 




1 
2 


1+ 

2 


1.315 lb 0.010 




1 
2 


3 + 
2 


1.530 lb 0.010 


n 





3 + 
2 


1.672 lb 0.010 
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TABLE III: List of parameters of the model. The column "Meson-Baryon" contains the parameter 
values used to compute the meson and baryon spectra presented in Fig. [Tll^ When available, the 
expected value of a parameter is also given in the column "Exp.". The values of the quantities m^, 
nis, g, and g' computed with these parameters are also indicated at the end. 



Parameters 


Unit 


Meson-Baryon 


Exp. 




GeV 


0.005 


0.001-0.009 [21] 




GeV 


0.167 


0.075-0.170 [21] 


A 


GeV 


0.216 


0.208;0;0i[2]J 


(nn) 


GeV3 


-(0.225)3 


(-0.225 ±0.025)3 [2^ 


(ss) 1 {fin) 




0.800 


0.8±0.1[28] 


e 




0.000 


0-1 [14] 


a 


GeV2 


0.210 


0.20 ±0.03 [22] 


K 




0.525 




Cm 


GeV 


-0.691 




Cb 


GeV 


-0.033 




Ci 
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FIG. 1: Masses of nn mesons as a function of total orbital angular momentum and total spin. 
Framed names indicate centers of gravity of multiplets used in the fit of parameters. 
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FIG. 2: Same as Fig. Q but for ns mesons. 
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FIG. 3: Same as Fig. ^but for ss and mixed flavor mesons. 
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FIG. 4: Masses of the and A baryons (status -kirki^ and as a function of total angular 
momentum and parity . The arrows indicate baryons used in the fit of parameters. 
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FIG. 5: Same as Fig. 0] but for the A and S baryons. 
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FIG. 6: Same as Fig. |l]but for the H and baryons. 
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FIG. 7: Effect of the additional term Cj in the instanton induced interaction in the baryon sector 
for the N and A baryons. The two samples of masses presented are obtained with the same 
parameters, except the value of Cj. 
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